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Introduction
The plantar fascia is a thickened band of fibrous tissue. It originates from the plantar aspect of the medial tubercle of the calcaneus, runs along the plantar surface of the foot, and extends to the plantar plates of the metatarsal phalangeal joints (Ieong et al., 2013) . Plantar fasciopathy, and the widely used term 'plantar fasciitis', is a painful condition of the foot caused by inflammation (which produces acute symptoms) or degeneration (a source of chronic pain) of the plantar fascia (Berbrayer and Fredericson, 2014; Ieong et al., 2013; Rompe et al., 2007) . The plantar fascia is exposed to repetitive tensile stress induced by cyclic loads that are applied to the foot during daily activities such as walking and running (Cheng et al., 2008) . Due to overuse or abnormal foot alignment such as pes planus, pes cavus, pes valgus, and pronation, the plantar fascia may exhibit microtears that causes plantar fasciopathy (Cheng et al., 2008; DeMaio et al., 1993) . Based on the absolute and relative increase in the plantar fascia thickness assessed using Bmode ultrasonography, Ieong et al. (2013) characterized the disease pattern of plantar fasciopathy. They reported that 55%, 12%, and 22% of 125 patients had insertional, distal, and mixed alterations, respectively. Knowledge about the tensile stress distribution within isolated regions of the plantar fascia would provide a better understanding of the mechanical alterations associated with plantar fasciopathy.
Ultrasound shear wave elastography is an ultrasound-based imaging technique to measure shear wave velocity propagating through biological tissues (Bercoff et al., 2004; Gennisson et al., 2013) . Shear wave velocity is directly related to the shear modulus, with the shear wave propagating at greater speed in stiffer tissues. Due to the strong linear https://doi.org/10.1016/j.clinbiomech.2018.11.003 Received 28 July 2018; Accepted 7 November 2018 relationship reported between either muscle or tendon (Helfenstein-Didier et al., 2016) stiffness and stress, the change in shear wave velocity can be considered as an index of change in tensile stress. Previous studies (Tas, 2017; Tas et al., 2017) have used shear wave elastography to assess mechanical properties of the plantar fascia. They reported that shear wave velocity of the plantar fascia was not significantly different between males and females (Tas, 2017) , but was significantly lower in overweight and obese individuals compared with individuals with normal weight . In these previous studies, shear wave velocity was only measured in the insertional region of the plantar fascia, and was not measured in the distal region of the fascia. Additionally, the measurements were performed only in the neutral toe position, and were not performed in dorsiflexed toe position where the plantar fascia is stretched and therefore exposed to large tensile stress.
The present study aimed to determine the effect of toe dorsiflexion on the regional distribution of plantar fascia tensile stress. We took advantage of ultrasound shear wave elastography to assess an index of tensile stress at both the insertional and distal regions of the plantar fascia in both neutral and dorsiflexed toe positions.
Methods
Sixteen participants (7 males and 9 females) without orthopedic or neuromuscular problems in their right foot participated in this study. They were recruited from local universities using word of mouth. Their mean (SD) age, height, and weight were 20.9 (1.9) years, 1.71 (0.09) m, and 65.7 (8.3) kg, respectively. Navicular height determined as the perpendicular distance between the floor and the navicular tuberosity in a weightbearing position (Nilsson et al., 2012) was 4.7 (0.5) cm. Participants were asked not to perform intense exercise/physical activity the day preceding the experimental protocol. They were informed of the purpose and the methods used before providing written consent. This study was approved by the local ethics committee (2018-A00334-51/CPP-MIP-015).
The participants lay prone on a flat bed with knees fully extended and neutral ankle position (the foot perpendicular to the lower leg), and their right foot was firmly secured to a home-made footplate using nonelastic athletic tape (Chino and Takahashi, 2015) . The metatarsophalangeal joints of foot were fixed in neutral position (toes parallel to the plantar aspect of the foot) (Fig. 1a ) or in pain free dorsiflexed/extended position (Fig. 1b) . Throughout the measurements, the participants were asked to relax their lower limb muscles. To account for the effect of stress relaxation on tissue elasticity (Freitas et al., 2015) , dorsiflexed position was maintained 5 min before beginning the measurements of the plantar fascia in the position.
An Aixplorer ultrasound scanner (v6; SuperSonicImagine, Aix-enProvence, France) with a linear transducer array (2-10 MHz, SuperLinear 10-2, Vermon, Tours, France) was used in shear wave elastography mode (modified musculoskeletal preset). The modified musculoskeletal preset has beneficial features for measurements of the plantar fascia compared with normal musculoskeletal preset: (1) increased saturation limit to 16.3 m/s; and (2) increased size of elastography map (Ates et al., 2015) . The transducer was placed on to the heel and medial longitudinal arch, and color-coded maps of the shear wave velocity were acquired in the insertional and the distal (i.e., midsubstance) regions of the plantar fascia, respectively (Fig. 1) . For each measurement, the maps were continuously recorded for 10 s at 1 sample per second, and the average shear wave velocity obtained from these 10 recorded maps was used for further analysis. For quantifying shear wave velocity from the maps, MATLAB scripts (The MathWorks, Natick, USA) were used. For shear wave velocity measurements of the insertional region, a quantification area was set between the calcaneal insertion of the plantar fascia and 1 cm distal to the insertion (Fig. 1a) . Five measurements were performed for each region, and the three measurement values with the lowest coefficient of variability (CV) were averaged and used for further analysis (Chino and Takahashi, 2015) . For the selected three trials, the plantar fascia thickness at the calcaneal insertion and at the distal (mid-substance) region was measured, and the average of the three measurement values was used for further analysis.
Kolmogorov-Smirnov tests revealed that some thickness and shear wave velocity data did not follow the normal distribution. Therefore, the effects of the plantar fascia region (insertional/distal) and toe position (neutral/dorsiflexed) on the plantar fascia thickness and shear wave velocity were determined using the non-parametric Friedman test, and the effect size was determined using Cramer's V. When appropriate, post-hoc analyses were performed using the non-parametric Wilcoxon signed rank test with Bonferroni correction for multiple comparisons, and the effect size (r) was determined by using the formula: r = Z value/sqrt (N) where N is the number of subjects. Statistical significance was set at 0.008 (= 0.05/6). Small, medium, and large effect sizes were defined as 0.10, 0.30, and 0.50, respectively (Cohen, 1988) . All statistical analyses were performed using IBM SPSS Statistics 1.0.0-2482 (IBM Japan, Tokyo, Japan). The data on the plantar fascia thickness and shear wave velocity are presented as mean (standard error of the mean, SEM), and other data are presented as mean (SD).
Results
The Friedman test revealed a significant difference in the plantar fascia thickness (P < 0.001), and the effect size was large (Cramer's V = 0.93). Post-hoc analyses revealed a significant (P < 0.001) effect of region (insertional/distal) on the plantar fascia thickness with large effect size (r = 0.88) ( Table 1 ). There was no significant effect of toe position (neutral/dorsiflexed) on the plantar fascia thickness in the insertional region (P = 0.13 and r = 0.38: medium effect size) and in the distal region (P = 0.64; r = 0.12: small effect size).
Due to the measurement artifacts (void areas and/or regions of saturated values), shear wave velocity in the insertional region was not analyzed for 4 of the 16 participants (2 males and 2 females). The plantar fascia shear wave velocity measured in the insertional region (N = 12) and distal region (N = 16) is shown in Table 2 . When considering the 12 participants, the Friedman test revealed a significant difference in the shear wave velocity (P < 0.001), and the effect size was large (Cramer's V = 0.82). Since the significance level of Wilcoxon signed rank post-hoc test with Bonferroni correction was set at 0.008 (= 0.05/6), the difference in shear wave velocity between the insertional and distal regions in neutral toe position did not reach the significance threshold (P = 0.010), but the effect size was large (r = 0.75). The difference between these regions reached the statistical threshold in dorsiflexed position (P = 0.003) with a large effect size (r = 0.86). Shear wave velocity did not significantly increase with toe dorsiflexion in the insertional region (P = 0.88, r = 0.05: negligible effect size), but significantly increased in the distal region (P = 0.002, r = 0.88: large effect size).
Discussion
In this study, we found that toe dorsiflexion did not significantly affect the shear wave velocity in the insertional region, but induced a significant increase in shear wave velocity in the distal region. In addition, there was a tendency for the shear wave velocity of the plantar fascia to be lower in the insertional region compared with the distal (i.e., mid-substance) region (P value close to significance and large effect size).
According to the normal navicular height value (3.6-5.5 cm) reported by Nilsson et al. (2012) , the participants of the present study [4.7 (0.5) cm] could be considered to have normal foot alignment. The plantar fascia thickness at the calcaneal insertion measured in neutral toe position [3.6 (0.2) mm] was similar to the thickness reported in previous studies that examined healthy subjects (2.0-4.0 mm) (Ieong et al., 2013; Rathleff et al., 2011; Tas, 2017; Tas et al., 2017) . However, shear wave velocity of the plantar fascia in the insertional region measured in neutral toe position [5.4 (0.6) m/s] was about 20% less than that reported in previous studies where similar toe position and measurement region were considered (6.4-6.7 m/s) (Tas, 2017; Tas et al., 2017) . The origin of this difference in shear wave velocity values might arise from the difference(s) in tested participants (e.g. age, physical fitness, BMI) and/or in the elastography technique used to measure shear wave velocity.
In both neutral and dorsiflexed toe positions, shear wave velocity of the plantar fascia was lower (P value close to significance, large effect size) in the insertional region than the distal region ( Fig. 1 . Typical ultrasound images of the plantar fascia in neutral (a) and dorsiflexed (b) positions. Dorsiflexed position was maintained by using a wooden block adhered using a sponge gum and non-elastic athletic tape. An ultrasound transducer was placed on to the heel and medial longitudinal arch to measure the insertional and distal (i.e., mid-substance) regions of the plantar fascia, respectively. In the insertional region, the quantification of shear wave velocity was performed between the calcaneal insertion of the plantar fascia (shown by white circle) and 1 cm distal to the insertion. The plantar fascia thickness was measured at the calcaneal insertion and the distal region.
shear wave velocity can be considered as an index of tensile stress (Helfenstein-Didier et al., 2016; Hug et al., 2015) , this finding suggests lower tensile stress in the insertional region than the distal region. Lower tensile stress in the insertional is in accordance with a previous study that evaluated tensile stress within isolated regions of the plantar fascia using a finite element model (Cheng et al., 2008) . Specifically, this previous study observed higher tensile stress near the metatarsal insertion, with the stress faded toward the calcaneal insertion. Tensile stress is defined as tensile force per unit of cross-sectional area (Carlson et al., 2000) . Since the insertional and distal regions of the planter fascia are arranged in series, tensile force imposed on these regions would be same. Due to the thicker fascia measured in the insertional region than the distal region (Table 1) , the cross-sectional area is likely to be larger in the insertional region than the distal region. It is therefore possible that the regional distribution of plantar fascia tensile stress (=tensile force/cross-sectional area) is attributed to the regional difference in the cross-sectional area of the plantar fascia. Shear wave velocity of the plantar fascia significantly increased in the distal region with toe dorsiflexion (Table 2 ). This finding suggests that the plantar fascia was stretched and therefore exposed to large tensile stress in dorsiflexed toe position. Interestingly, we observed no significant change (P = 0.88) with negligible effect size (r = 0.05) for change in plantar fascia shear wave velocity in the insertional region. It might be explained by a larger cross-sectional area of the plantar fascia in the insertional region and the windlass mechanism. Specifically, because of the larger cross-sectional area of the plantar fascia in the insertional region, tensile stress in the insertional region would be less sensitive to changes in tensile force. The windlass mechanism describes a mechanical model wherein toe dorsiflexion tenses the plantar fascia and raises the longitudinal arch of the foot (Cheng et al., 2008; Hicks, 1954) . Specifically, when the toe is dorsiflexed, the proximal phalanx slides on the dorsum of the metatarsal head, and then the plantar fascia attached to the phalanx is wound on to the metatarsal head. Through this process, the effective length of the plantar fascia (i.e., the distance between calcaneal insertion and the base of the metatarsal head) is shortened, and the longitudinal arch of the foot is raised. Hicks (1954) demonstrated the windlass mechanism by radiographs of a living foot, and reported that the effective length of the plantar fascia was shortened by shifting the metatarsal head toward the calcaneus. Therefore, the influence of the windlass mechanism on the length of the plantar fascia may affect preferentially the distal region than the insertional region resulting in smaller changes in tensile stress within the insertion region. This result has important clinical applications as it suggests that toe dorsiflexion used in practice to stretch the plantar fascia is ineffective at stretching the insertional region of the fascia.
This study investigated the effect of toe dorsiflexion on the regional distribution of plantar fascia shear wave velocity in 12 participants without abnormal foot alignment and/or the plantar fasciopathy. Future studies should confirm the findings of this study using a larger sample size, with possibility to compare normal/abnormal foot. This study also has a limitation with regard to toe joint angle. The toes separate from one another, and their lengths differ from one another. Additionally, the foot comprises many small joints, so that it can flexibly change shape. These result in difficulties in finely setting the toes at various toe joint angles. Therefore, while understanding that the measurements of the plantar fascia in various toe positions would give more information, this study conducted the measurements only in neutral and dorsiflexed toe positions.
Conclusion
The effect of toe dorsiflexion on the regional distribution of plantar fascia shear wave velocity was investigated in participants without abnormal foot alignment and/or the plantar fasciopathy. Toe dorsiflexion did not affect shear wave velocity of the plantar fascia in the insertional region, but induced an increased shear wave velocity in the distal region. 
